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STUDIES OF FAST REACTOR FUEL ELEMENT BEHAVIOR 
UNDER TRANSIENT HEATING TO FAILURE 

II. In-pile Experiments on UO2 Samples 
in the Absence of Coolant 

by 

C. E. Dickerman, L. E. Robinson, 
E. S. Sowa, and S. B. Skladzien 

I. INTRODUCTION 

There is an increasing in teres t in the use of fissile refractory com
pounds as fuels in fast power reac to r s because of their high- temperature 
capabilities and the promise of high burnup. At Argonne National Labora
tory, r e s ea r ch is being performed in a spectrum of these mater ia l s includ
ing the oxides, carbides, and sulfides of uranium, plutonium, and thorium. 
Although one or more of the other compounds may prove to be more des i r 
able for specific applications than uranium dioxide, it is at present a 
better-known mater ia l than its potential competitors. 

Because of its comparatively low thermal conductivity and tensile 
strength, and the presence of void content, even in fired UO2 bodies, there 
is presented, in principle at least, a set of possible safety problems for 
UO2 fas t - reac tor fuel elements that a re different from those of one-piece 
metal l ic elements . F i r s t , because of the well-known cracking of uranium 
oxide pellets, concern has been generated that the oxide fuel element does 
not provide a rel iable prompt axial thermal expansion (even under condi
tions of negligible res t ra in t from cladding, etc). Second, under conditions 
of t ransient heating, unres t ra ined pellets may shift their axial position, 
thus providing an e r ra t i c axial expansion or contraction. Third, under 
t ransient heating, oxide cracking and/or plastic deformation may resul t 
in "slumping" or axial compaction of fuel, which would reduce any effec
tive prompt expansion coefficient or possibly produce a sudden "step" 
axial contraction. (1) 

Some question has also a r i sen whether an oxide fuel eleinent, sub
jected to t ransient heat input under conditions designed to minimize thermal 
s t r e s se s , will, in fact, demonstra te the radial and circumferential cracking 
charac ter i s t ic of that observed in the rmal - reac to r fuel elements in steady-
state serv ice .* In addition, internal sample t r ans i en t -p res su re buildup due 

*Some tendency toward production of such cracking as a resul t of 
t ransient heating is reported in Ref. 2. 



to heating of gas contained inside UO2 pellets f^^^l^^^rZZl\:LliTnl' 
sible mechanism for explosive disintegration of UO2 uei ^^ .^^^^_ 
heating.(2.3) An ancillary question related to safety ^^J^^J^^ ^^^^1 
action'between UO2 and cladding as a function of tempera u r e ^ J n g ^^^ 
interaction ra tes are of interest - / ^ - P - 7 ; : : r i V g e r e r a t i o n of power 
relatively modest coolant temperatures of the P ^ " ^ " / ^^n, however, 
reactor designs, i.e., ~600°C. In the event of a ^^^-^ .^^^ '^Yescape through 
a "jet" of internal, high-temperature , molten mater ia l - ^ f ^^^^^^ „^ 
a crack in the surrounding r im of oxide and impmge on ^^^^^f^^^^ ^^^^_ 
coolant might be actually expelled from the reactor core, thus raising 
ding temperatures to those typical of the fuel. 

The in-pile experimental survey reported here is one undertaken 
on UO2 fuel samples as an extension of previous tes ts in the Tratisient^Ke-
actor Test FacUity (TREAT) on metaUic, fas t - reac tor fuel samples.^ 
Oxide test specimens were "pseudo-EBR-U" elements that were clad with 
EBR-n cladding thickness, of EBR-II fuel length, and thermally bonded to 
cladding with inert gas (rather than sodium). Samples were exposed to 
transient power burs ts of the order of 0.5-sec duration, in ^ e ^ b s j " " °^ 
coolant, with production of heating ra tes up to the order of 4000 C/sec. 
Radial tempera ture profiles in the fuel during the power burs ts were esti
mated to be comparatively uniform (within -15%). Cladding temperature 
lagged behind the fuel tempera ture , thermal equilibrium between fuel and 
clad being reached about 2 sec after the peak of the power pulse. Sample 
cooling was predominantly by thermal radiation. 

An inert gas environment was selected for the experiments in order 
to (1) permi t high-speed photography of the samples during the tes ts ; 
(2) allow use of fas t - response cladding thermocouples in measurement of 
t ransient t empera tu res ; (3) avoid possible postfailure modification of the 
sample remains due to presence of l iquid-metal coolant; and (4) simplify 
the experimental conditions that would effect t ransient thermal s t resses 
in cladding and fuel. 

UO2 was selected as the fuel mate r ia l ra ther than mixed UO2-PUO2, 
which would be necessary for an oxide-fueled, fast breeder operating on 
the U " « - P u " ' cycle with breeding in the core, to simplify assembly and 
postexperiment sample inspection. It is believed that resul ts of this survey 
would be sufficiently general to provide orientation for sttidy of mixed 
oxide fuels, par t icular ly ones with Pu:U rat ios of about 0.15 or l ess . No 
specimens previously i r radia ted to appreciable levels of burnup were used 
not only because of the appreciable experimental complexity associated with 
use of L c h specimens, but because resuUs of tests with them would be ex
pected to be highly dependent on a variety of additional experimental param
e te r s of design and pre i r rad ia t ion conditions. 

*A t h e r m a l - r e a c t o r element failure attributed to this mechanism is 

repor ted in Ref. 4. 



In addition, large UO2 and UOj fueled-oxide pellets with much dif
ferent thermal-neutron flux depressions and cladding conditions have been 
given transient irradiations in TREAT as part of an Argonne r e sea rch 
program into metal -water react ions '2) and par t of a General Electr ic 
Atomic Power Equipment Division development program directed toward 
use of UO2-PUO2 fuel in fas t -breeder power r eac to r s .* 

*A pre l iminary account of resu l t s being obtained from the GE-APED 
i r radia t ions of 2.5-cm-diam,U02 fuel clad with steel, contained in a 
heat sink, is given in Ref. 8. 
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II. EQUIPMENT AND PROCEDURES 

A. TREAT 

A cutaway view of the TREAT reactor is shown in Fig^ 1. TREAT 
is a graphite-moderated and -reflected, pulsed, ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ : ; ; ; , ^ ^ „ ^ 1°^ 
designed and built to meet the needs of the Fast Reactor ^-'^^fl^lTte^. 
for a versati le facUity capable of safely ^'^^^^^'^^Y ^9)7^ realtor 
neutron flux over a comparatively large sample volume.I9i The reactor 
neuuiuu liuv^ 1- , •R.^ieflv its core is approximately 
engineering design has been repor ted .uu; Brielly, its cor Zf^,., 
120 cm high, with top and bottom reflectors about 60 cm thick. Each fuel 
element is 10 cm square. Special elements with large slots, nominal y 
56 cm high by 7 cm wide, can be loaded into the reactor to provide a large 
core-viewing slot. One such slot is shown in Fig. 1, extending from the 
flood light to the center of the core. 

REMOVABLE CONCRETE SHIELD RLU6S 
COOLANT A I D INLET 

TO EOUIPHENT R O W 

SUB-REACTOR ROOM 

112-771 

REMOVABLE PLUGS, 
AND DUCTS FOR FUTURE 
SODIUM TEST LOOT 

Fig. 1. TREAT Cutaway 

Experimental samples may be exposed in containers designed to 
fit into the hole left by removal of one or more TREAT fuel elements, or 
in containers which fit in a core slot. Despite the large perturbations in 
core neutron-flux distribution caused by the slots and experimental samples, 
the kinetics a n a l y s i s d D that fits the transient behavior of the reactor 
loaded with a simple solid core(l2) was found to fit (with a 10% reduction 
in the reactor feedback) data for a typical slotted-core loading with a 
sample.(1 3) 



I I 

B. Containers and Samples 

The first two ser ies of tests on uranium oxide specimens were run 
with the experimental samples contained in standard opaque meltdown 
capsules.(o) The design of the basic capsule, loaded into a Zircaloy well 
in a special, experimental, dummy TREAT element, is shown in Fig. 2. 
The steel capsule is lined with a graphite meltdown crucible which holds 
the sample and contains the sample meltdown products. 

PLUG FOR LEADS 

EXPERIMENTAL ELEMENT 
TOP FIXTURE 

EXPERIMENTAL ELEMENT-
BOTTOM FIXTURE 

112-2846 

TUBE FOR LEADS 

PUMP OUT TUBE 

STAINLESS STEEL CAN 

GRAPHITE SHELF 
AND SPACER 

EBR n TYPE FUEL PIN 

ZIRCALOY CENTERING 
TUBE 

GRAPHITE LINERS 

GRAPHITE PIN HOLDER 

GRAPHITE PEDESTAL 

Fig. 2. Opaque Meltdown Assembly 

Later experiments were performed using the transparent meltdown 
assembly, and high-speed photography(7) to follow sample transient behav
ior. This assembly (shown in Fig. 3) has a s ta inless-s teel outer shell 
which provides a gas-tight containment vessel . The sample is held in a 
Zircaloy capsule, which is the pr imary containment. Both the Zircaloy cap
sule and the steel outer shell have high-purity fused-silica windows. (1"*) 



PURGE GAS INLET^ 

~-ZIRCALOY 

CAPSULE 

^GRAPHITE LINING 

••INNER WINDOW 

'̂ HANDLING "TEE" 

^ZIRCALOY LINING 

•-SLOT LINER 

^LATCH 

112-1223 
Fig. 3. Transparent Meltdown Assembly 

Uranium oxide cylinders used in the experiments were made by the 
ANL Metallurgy division. A cylinder diameter of 0.381 cm was specified 
because (l) it gave a diametral clearance that permit ted convenient assem
bly and, (2) it fell in a range in which it was determined experimentally 
that the effective fuel-cladding gap conductance was an insensitive function 
of clearance, at least over a limited range of steady-state irradiat ion 
conditions.'15) 

C. Instrumentation 

Fuel elements v^ere instrumented with fast-response thermocouples 
welded to the cladding.(6) Platinum versus platinum-10 w/o rhenium ther
mocouples were used for the earl ier oxide tests , but were not satisfactory 
for the general program because they melted approximately 1000°C below 
the fuel melting point. Spot-welding and wire-support techniques were 
developed to permit use of 0.025-cm-diam. tungsten-5 w/o rhenium versus 
tungsten-26 w/o rhenium cladding thermocouples in the experiments. 

Two tantalum-clad oxide samples were each instrumented with an 
internal thermocouple and subjected to a succession of t ransients culmi
nating in one with general fuel melting. The internal thermocouples were 
0.15-cm-diam., thoria-insulated, tantalum-clad, tungsten-5 w/o rhenium 
versus tungsten-26 w/o rhenium units with junctions welded into the 
sheath tips. The thermocouples were inserted into short, close-fitting 
holes drilled along the axis of uranium oxide cylinders. To promote con
sistent contact between the ceramic fuel and the sheathed thermocouple, 
each thermocouple was located at the bottom of the element, and the stack 
of oxide cylinders above was spring-loaded by means of a rhenium spring 
between the tantalum top plug and the top of the oxide column. Figure 4 is 
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a radiograph of this element instrumentation arrangement, with the ele
ments turned so the thermocouples a re at the top. This thermocouple and 
void can produce a large perturbation. 

Tantalum was selected as 
the sheath mater ia l over such pos
sible competitors as molybdenum, 
niobium, tungsten, and tungsten-
26 w/o rhenium alloy because of its 
high melting point, availability, and 
comparatively good mechanical 
propert ies . Compatibility with UO2 
was expected to be acceptable; it 
has been reported that fused UO2 
powder placed in contact with com
mercial ly pure tantalum, and heated 
to 2660°C for one hour, produced no 
penetration of the metal.(16) Thoria 
was specified as the insulator be
cause of its comparatively high 
electrical resis tance at elevated 
temperatures . One review gives a 
value for thoria resistivity of I x 
10 ohm-cm at 2050°C, compared 
with 8 x 1 0 ^ ohm-cm for beryllium 
oxide at 2100°C, and 1 ohm-cm for 
Zr02 at 2000°C.(17) Kerr( l8) r e 
ports no reaction between thoria 
and tantalum up to 2795°C, or be
tween thoria and tungsten up to 
2645°C. 

112-2547 
Fig. 4. Radiograph of Tantalum-

clad Oxide Samples with 
Internal Thermocouples 

The behavior of these two 
thermocouples was consistent. 
Figure 5 is a graph of maximum 
internal temperatures measured 
with these thermocouples, as a func

tion of reactor integrated power for the transients in which they were used. 
The delay between the reactor power pulse and the temperature output was 
larger than that for the fast-response cladding thermocouples. Figure 6 
is a graph comparing temperature data from an internal thermocouple with 
data from a typical cladding thermocouple (not opposite the internal ther
mocouple). The internal thermocouple displays a transient temperature 
"peak" well above the cladding maximum temperature , but shows lower 
temperatures during cooling than that of the cladding. This was a con
sistent effect: it is believed to be real , and to be due to replacement of 
fuel by the heat-absorbing sheath and insulation. The heat- t ransfer 
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phenomena for the sheathed thermocouple should be similar to those for 
the cladding, but the greater heat absorption in the thermocouple compared 
with that of the cladding would produce slower internal-thermocouple tem
perature r ise and greater temperature depression. The temperatures r e 
corded from cladding thermocouples at the same axial position as the 
internal thermocouples were consistently low, in agreement with the low 
cooling temperatures from the internal thermocouples. 

0 1(00 800 1200 1600 2000 21100 

HAJIHUH INTERNAL TNERMOCOUPLE READING, °C 

Fig. 5. Maximum Internal Sample Temperatures 
Measured by Internal Thermocouples 

2200 

1800 

11100 

1000 

600 

200 

_ 

J 

-| ' 1 ' 1 1 1 1 

^ y-INTERNAL THERHOCOUPLE _ 

/ \ ^CLADDING 
/ ' - ^ \ / THERMOCOUPLE ~ 

f ^ > y 

1 ^ ^ ^ ~ ^ 
^̂ -̂.. 

-
-

-
-

1 1 1 , 1 1 1 , 

Fig. 6 

Comparison of Cladding and 
Internal-thermocouple Tran
sient Data 

H.O 6.0 
TIME, seconds 

An attempt at SPERT I has been reported(19) to produce and use 
an internal thermocouple consisting of two bare thermocouple wires 
welded together to form one long wire with the junction located in the 
middle of the uranium oxide. This device uses the UO2 itself as the insu
lator, and has a minimum mass . The SPERT fuel rod was made with 
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powdered oxide and was used in a water environment. A similar device 
would be quite difficult to design and operate in a sodium environment, al
though it would have been ideal for the transient tes ts reported herein. An 
attempt(20j -^as made to fabricate UO2 cylinders of diameter larger than 
those in the EBR-II size cladding, containing tungsten-5 w/o rhenium versus 
tungsten-26 w/o rhenium thermocouples made by welding pai rs of 0.025-cm-
diam. wires together to form a single wire from each pair . Small holes 
about 50% larger in diameter than the wires were dril led in the "green," 
or unfired, ceramic mater ia l , and thermocouples inserted so that the junc
tions were located on the cylinder axes. The cylinders were then fired. 
The refractory metal wires , however, became bri t t le during the sintering, 
and those wires that did not break off at the surface of the cylinder during 
removal from the sintering furnace broke during subsequent handling. 

Results have been reported of a detailed testing program(21) eval
uating some-what s imilar 0.1 5-cm-diam. tantalum-sheathed tungsten versus 
tungsten-26 w/o rhenium thermocouples with beryllium oxide or magnesium 
oxide insulation for s teady-state use in BORAX-V fuel rods. Beryllium 
oxide was selected as the better high-temperature mater ia l , but a maximum 
temperature limit of approximately 2200°C was established even for the 
beryll ium oxide, because of the reaction observed between the beryll ium 
oxide and the tantalum. 

D. Procedures 

1. Reactor Settings. Experimental reactor settings were specified 
on the basis of a previously obtained calibration between sample energy 
input for metall ic EBR-II specimens and reactor integrated power, and cal
culated sample flux-depression factors.!") Time and space dependences 
of sample tempera tures were est imated using the CYCLOPS transient heat 
transfer code, (22) standard values of mater ia l proper t ies , and a value of 
0.2 Watt/(cm^)(°C) for the thermal conductance of the gap between fuel and 
cladding.'1 5/ Because of limitations in the code, the gap conductance was 
lumped with the cladding physical proper t ies . Because of the low oxide 
conductivity and lov/ gap conductance, the peak fuel tempera ture along the 
axis w^as found to be essentially that given by calculations of isothermal 
adiabatic energy input to the fuel alone, and the peak cladding tempera ture 
•was calculated to be found about 2 sec after the power pulse. 

Settings for t ransient experiments subsequent to the f irs t se r ies 
of excursions were made on the basis of experimental tempera ture data, 
which -were corrected as necessary for different relat ive thermal-neutron 
flux changes caused by changing sample capsules or sample claddings. 

2. Inspections. After exposure of a sample in TREAT, it was 
shipped to hot- laboratory facilities at the Argonne site for pos tmor tem 
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examination. The activity level, at this time, normally did not exceed 
200 or 300 mR/hr at 2 in. from the sample. This permit ted inspection 
without employing remote handling techniques. Thus, all work was ac-
complished by Umiting the exposure time of the operator working through 
a shielded (~3 in. of lead) glovebox. 

A portable power saw was used for cutting off the tops of the 
dry opaque capsules. This permitted easy removal of the graphite cruci
bles and the test fuel element for further inspection. 

Where possible, the inspection covered the following i tems: 

(1) The cladding was closely examined for penetrat ions. Un
coiling of the spacer wires , if any, and distortion or 
warping of the sample element were noted. 

(2) After removal of the cladding, its inner surface was in
spected for evidence of any oxide-cladding reaction zones. 
In some cases, cross sections of the cladding were taken 
and mounted for metallographic observation. 

(3) The oxide slugs were measured for growth in the radial 
direction. Changes in length and number of slugs due to 
breakdown of the original longer lengths were recorded. 
Measurements were made to determine change in density. 
Where the transients resulted in extensive breakdown of 
the oxide slugs, particle size distribution was determined. 

(4) During the inspection, photographs were taken, for record, 
of certain phases that were of par t icular interest . In some 
cases, samples of the oxide were submitted for burnup 
analysis as a recheck on ear l ie r power-cal ibrat ion runs. 
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i n . E X P E R I M E N T A L R E S U L T S 

A. E x p e r i m e n t a l Cond i t ions 

F i v e s e r i e s of e x p e r i m e n t s w e r e conduc t ed u s ing oxide (UO2) fuel. 
F o r the f i r s t two s e r i e s , the opaque type, (6) i n e r t - g a s - f i l l e d c a p s u l e s w e r e 
u s e d . The t r a n s p a r e n t type c a p s u l e ( l 4 ) w a s u s e d for the o the r t h r e e s e r i e s . 

The five s e r i e s a r e iden t i f i ed a s fo l lows , a long wi th a b r i e f s t a t e m e n t 
about the p u r p o s e of the s e r i e s : 

SXXII Su rvey of p o s s i b l e m e l t d o w n o r s ign i f i can t p r e m e l t d o w n 
fuel b e h a v i o r . 

SXXV Effec t s of cyc l ing and u s e of r e f r a c t o r y m e t a l c ladd ing . 

SXXVIII F i r s t t r a n s p a r e n t (pho tographed) m e l t d o w n s tudy on 
UO2 fuel s a m p l e s . 

SXXXII Study of o x i d e - s a m p l e t r a n s i e n t b e h a v i o r a t h i g h e r 
t e m p e r a t u r e s . 

SXXXIII Con t inua t ion of h i g h e r - t e m p e r a t u r e , o x i d e - s a m p l e 
t r a n s i e n t - b e h a v i o r s tudy. 

The r e s u l t s of the oxide s e r i e s conduc ted up to the p r e s e n t a r e 
s u m m a r i z e d in T a b l e I, to p r o v i d e o r i e n t a t i o n for the fol lowing s e c t i o n s on 
p h o t o g r a p h i c and p o s t m o r t e m r e s u l t s . Sample e n e r g y v a l u e s w e r e not m e a 
s u r e d d i r e c t l y ; they a r e e s t i m a t e s b a s e d on p r i o r r e a c t o r c a l i b r a t i o n and 
c a l c u l a t e d f l u x - d e p r e s s i o n f a c t o r s . 

B. P h o t o g r a p h i c R e s u l t s 

The f i r s t p h o t o g r a p h i c r e c o r d s of oxide s a m p l e f a i l u r e c a m e f r o m 
s t a i n l e s s - s t e e l - c l a d s p e c i m e n s 2 and 3 of the t h i r d oxide s e r i e s (XXVIII). 
F a i l u r e w a s nonv io l en t , and o c c u r r e d j u s t b e f o r e c l add ing m e l t e d . F i g u r e 7 
c o n s i s t s of s t i l l b l a c k - a n d - w h i t e p r i n t s t a k e n f r o m the c o l o r f i lm of the 
f a i l u r e of s a m p l e 3 of S e r i e s XXVIII. F i g u r e 7A shows the s p e c i m e n i n t a c t 
a t the beg inn ing of the r e a c t o r t r a n s i e n t ; the e l e m e n t , p r o p e r , i s a t the 
left, and i t s i m a g e a p p e a r s a t the r i g h t in a m i r r o r l o c a t e d a t the end of 
the Z i r c a l o y c a p s u l e . F i g u r e 7B shows the e l e m e n t a f t e r the r e a c t o r e x 
c u r s i o n w a s ove r a t the t i m e of f a i l u r e . The t r i a n g u l a r d a r k p a t c h n e a r 
the c e n t e r i s a t t r i b u t e d to " c h a r r i n g " of the p l a s t i c p a i n t in the p o w d e r e d 
a l u m i n a - w h i t e p a i n t m i x t u r e tha t i s u s e d to coa t the c a p s u l e w a l l s to p r o 
v ide a diffuse wh i t e b a c k g r o u n d for the p h o t o g r a p h y . * T h i s b l a c k e n i n g could 

*Preliminary analysis of the photographs resulted in the conclusion that this patch was a dark cloud (prob
ably powdered oxide) emitted from the sample upon failure. However, more detailed study of the 
photographs of the sample and the mirror image showed that the patch appeared on the wall, not in 
front of it. This does not preclude emission of a small amount of powdered oxide, but does show that 
any amount ejected was not directly visible. 



Table I 

SUMMARY OF MELTDOWN EXPERIMENTS WITH UOj SAMPLES 

Test 

sxxn 

SXXV 

SXXVffl 

sxxxn 

sxxxm 

No. 

1 

2 

3 

4 

5 

1 

2 

3 

4 

1 

2 

3 

4 

5 

1 

2 

3 

4 

1 

2 

3 

4 

Cladding 

SS 

SS 

SS 

SS 

SS 

SS 

SS 

Ta 

Ta 

SS 

SS 

SS 

Ta 

Ta 

Nb 

Nb 

Ta 

Ta 

Nb 

Nb 

Ta 

Ta 

Spacer 
Wires 

No 

No 

No 

No 

No 

Yes 

Yes 

No 

No 

Yes 

No 

No 

No 

No 

No 

No 

No 

No 

No 

No 

No 

No 

Integrated 
Reactor 
Power 

(MW-sec) 

46 
350 

46 

71 

97 

132 

44 
44 
44 

62 
62 
62 

91 

124 

72 

132 

176 

117 
117 
117 

176 

123 

172 

85 
132 
185 
225 

275 

175 

200 

85 
142 
200 

85 
142 
275 

Estimated 
Sample 
Energy 
Input 

(cal/gm) 

UO 
840 

110 

170 

233 

317 

106 
106 
106 

149 
149 
149 

206 

280 

144 

264 

352 

220 
220 
220 

331 

248 

347 

160 
248 
348 
423 

517 

354 

404 

160 
267 
376 

160 
267 
517 

Initial 
Reactor 
Period 
(msec) 

270 
150 

270 

270 

270 

270 

270 
270 
270 

270 
270 
270 

270 

270 

150 

150 

150 

150 
150 
150 

150 

125 

125 

125 
125 
125 
125 

125 

100 

100 

100 
100 
100 

100 
100 
100 

Max. Recorded 
Cladding 

Temperature 

rc) 

660 
1590 

895 

1162 

1340 

1625 

746 
742 
790 

970 
1017 
1010 

1570 

1740 

1125 

1813 

1435 

1480 
1660 
1660 

1660 

2140 

2310 

1160 
1780 
2330 
2330 

2690 

2200 

2260 

1140 
1883 
2400 

1150 
1820 
2460 

Remarks 

No damage to fuel or cladding 

No damage to fuel or cladding 

Complete meltdown of cladding 

Fuel condition altered 

Cladding intact, samples 
warped, some fragmentation 
of fuel 

Cladding intact, samples 
warped, some fragmentation 
of fuel 

No damage to fuel or cladding 

Cladding intact, fuel altered 

Sample badly warped 

Total cladding failure 

Total cladding failure, void 
and fissure in fuel 

Cladding undamaged, fuel 
unchanged 

Cladding intact, complete 
fragmentation of fuel 

Sample slightly warped 

Small hole in cladding 

Bulge in cladding, oxide 
fragmented upon removal 

Cladding destroyed, oxide 
fragmented 

• 

Sample warped, no cladding 
failure; oxide contains 
voids and melted centers 

Cladding destroyed; oxide fuel 
reduced to mass of fragments 
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Fig. 7 

Photogiaphs of Failure of Stainless-
steel-clad Oxide Sample Subjected 
to 176-MW-sec Transient 

h a v e b e e n c a u s e d b y a s u d d e n e x p u l s i o n of h o t g a s 

f r o m t h e c l a d d i n g u p o n f a i l u r e . F i g u r e s 6 C , 7 D , 

a n d 7 E s h o w i n d i v i d u a l f r a m e s f r o m t h e s u b s e 

q u e n t c o l l a p s e of t h e s a m p l e u n d e r t h e i n f l u e n c e 

of g r a v i t y a s t h e c l a d d i n g t e m p e r a t u r e r e a c h e d 

t h e m e l t i n g p o i n t . 

B y c o n t r a s t . F i g . 8 i s a s t i l l p r i n t f r o m t h e 

f i l m o f t h e e x p e r i m e n t o n s a m p l e 5 ( S e r i e s X X V I I I ) , 

w h i c h w a s t a n t a l u m - c l a d a n d g i v e n a T R E A T b u r s t 

e q u a l t o t h a t f o r s a m p l e 3 s h o w n i n F i g . 7 . * F i g 

u r e 8 i s t y p i c a l of t h e a p p e a r a n c e of t h a t s p e c i m e n 

a t , o r n e a r , i t s m a x i m u m c l a d d i n g t e m p e r a t u r e . 

A s b e f o r e , t h e s a m p l e i s o n t h e l e f t , a n d t h e m i r 

r o r i m a g e i s o n t h e r i g h t . T h e d a r k " s t a l k s " a r e 

112-2752 

Fig. I 
• B e c a u s e Of d i f f e r e n t n e u t r o n a b s o r p t i o n , t h e Appearance of Tantalum-clad 

s a m p l e s e n e r g y i n p u t w a s a b o u t 6% l e s s t h a n Oxide Sample Subjected to 
t h a t of s a m p l e 3 . ne-MW-sec Transient 
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a lumina t ubes u s e d to i n s u l a t e and s u p p o r t p l a t i n u m and p l a t i n u m - 1 0 w / o 
r h e n i u m t h e r m o c o u p l e w i r e s , o r i g i n a l l y we lded to the c l add ing , but w h i c h 
b e c a m e d e t a c h e d dur ing the e x p e r i m e n t a s t he c ladding a p p r o a c h e d the 
m e l t i n g poin ts of the w i r e s . Two cold s e g m e n t s a r e v i s i b l e a long the s a m 
p l e . Since the oxide c y l i n d e r s w e r e not c o n s t r a i n e d f r o m ax ia l m o v e m e n t 
ins ide the c ladding , the s t ack of c y l i n d e r s could be j a r r e d suff ic ient ly d u r 
ing p o s t a s s e m b l y handl ing and s h i p m e n t so tha t ind iv idua l c y l i n d e r s could 
be shifted in pos i t ion and can ted , thus opening up a x i a l g a p s . The l eng th 
of hot sec t ions was the s a m e , wi th in a c c u r a c y of d e t e r m i n a t i o n , a s the 
length of oxide o r ig ina l ly loaded in the tub ing . 

M o r e d r a m a t i c i s the f a i l u r e of a t a n t a l u m - c l a d oxide s a m p l e 
( s ample 4 of S e r i e s XXXIII), which is dep i c t ed in F ig . 9, w i th the e m i s s i o n 
of m o l t e n UO2 and d i s i n t e g r a t i o n of m o l t e n or n e a r - m o l t e n c ladd ing . The 
f igure t r a c e s the c o u r s e of the t e s t f r o m hea t ing of the t a n t a l u m tube , 
th rough the fa i lu re with expu ls ion of m o l t e n ox ide .* Mel tdown f r a g m e n t s 

tl.l \ 

A B C 
112-2791 

Fig. 9. Photographs of Failure of Tantalum-clad Oxide Sample 

Multiple reflections are visible around the sample on the capsule walls, which were not coated with 
the nonglate, white paint (customarily placed on the walls to suppress reflections), so that smoke 
from thermally-decomposing paint would not obscure the behavior of the high-temperature samples. 
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were observed, from the film, to fly from the location of the element. 
Velocities ranged from 150 to 290 cm/sec for part ic les moving upward. 
Some others, "rebounding" from the lower part of the capsule, had veloc
ities in the range of 106 to 220 cm/sec . The internal thermocouple output 
for this t ransient was quite e r ra t ic and ended approximately 100 msec 
after failure began. 

C. Pos tmortem Results 

1. Series XXII Dry Opaque (Five Samples) 

a. Sample 1. Meltdown of the lower 2 cm of the cladding 
occurred. The oxide fuel vaporized. No indication of violent rupture of 
the cladding or "explosive" failure occurred. (The sample was a minature 
specimen run to vaporization to test for possible hazards in the experi
ments.) See Fig. 10. 

Fig. 10 

Series XXII Samples I, 2, and 3 
(left to right) Stainless-steel Clad, 
without Spacer Wires 

112-1025 

b. Samples 2 and 3. No warpage occurred. The cladding 
discolored along several short zones between the upper and lower 6 cm of 
the samples due to localized heating. There was no dimensional change 
in cladding. Figure 10 shows the condition of samples 1, 2, and 3 as r e 
moved from the opaque capsules. Note that samples 2 and 3 had the spacer 
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wires removed before testing. The oxide fuel showed no surface cracks or 
evidence of melting along the axial center of the slugs. Dimensional checks 
showed no radial or axial growth. Microscopic examination of oxide from 
samples 2 and 3 showed the same structure as an unexposed control-fuel 
specimen. 

c. Samples 4 and 5. Almost complete meltdown of the clad
ding occurred except for the top and bottom sections. All oxide slugs were 
broken down to shorter lengths. Approximately 40% of the slugs removed 
from sample 5 had deep cracks radiating outward from the center of the 
slug. The cladding from sample 4 had a rupture zone ~1 cm long located 
between 8 and 9 cm from the top of the sample. This zone is clearly 
shown in Fig. 11. Cracks can also be seen in the oxide cylinders from 
sample 5. Note the uniform spacing of the unmelted cladding on both 
samples. There was no evidence of an oxide-cladding reaction. Pieces 
from samples 4 and 5 contained fissures and central cylindrical regions 
of marked difference in appearance from the control. These regions, ex
tending through the entire length of the cylinders, were composed of large, 
loosely bonded, crystal-like particles of oxide surrounded by the remaining 
sleeve-shaped section of the original oxide slug. 

• >' 

p^f»n»|Mi|iiijiii! 

X X I I - 5 
t i^|i | i | i | i | i | i | i | i | i |m|M';:: ^ - [ . ' • " i l3 ' ^ i " l i l " l ' i l l ^ l ' l ' l l l ^ ' l l l i l i | i lU l i l 

X X I I - 4 

112-1058-A 

Fig. 11. Series XXII Failed Samples 4 and 5 Showing Condition of 
Materials as Recovered from Irradiation Capsule 

2. Series XXV Dry Opaque (Four Samples). No evidence of clad
ding failure occurred in any of the specimens. The spacer wires on 
samples 1 and 2, by uncoiling, produced extensive twisting and warping of 
the elements with consequent local fragmentation of the oxide. The extent 
of fragmentaUon is shown in Fig. 12. Samples 3 and 4, although not 
warped, contained about the same amount of fuel fragments, plus some 
fines or oxide dust (see Fig. 13). Microscopic examination showed the 
oxide from samples 1, 2, and 3 to be unchanged or like the unirradiated 
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c o n t r o l m a t e r i a l . O x i d e f r o m s a m p l e 4 h a d t h e " r e c r y s t a l l i z e d " c e n t r a l 

r e g i o n s , a s d e s c r i b e d a b o v e f o r s a m p l e s 4 a n d 5 of S e r i e s X X I I . 

112-1194 

Fig. 12. Series XXV Fragmented Oxide 
from Samples 1 (top) and 
2 (bottom) 

112-1195 

Fig. 13, 

% 

Series XXV Samples 3 
and 4 (left to right) 
Showing Fuel after Re
moval of Tantalum 
Cladding 

3 . S e r i e s X X V I I I D r y T r a n s p a r e n t ( F i v e S a m p l e s ) . F i g u r e 14 

s h o w s a l l f i v e s a m p l e s of S e r i e s X X V I I I a s r e m o v e d f r o m t h e c a p s u l e s . 

T h e f u e l r e c o v e r e d f r o m c a p s u l e s 2 a n d 3 w a s l a i d o u t , a s s h o w n , m e r e l y 

f o r t h e p u r p o s e of p h o t o g r a p h i n g . F i g u r e 14 d o e s n o t r e p r e s e n t t h e p o s i 

t i o n e a c h p i e c e o c c u p i e d i n t h e s a m p l e b e f o r e i r r a d i a t i o n . C o n t r a s t s a m 

p l e 1 of t h i s s e r i e s , h a v i n g s p a c e r w i r e s a t t a c h e d t o t h e c l a d d i n g , w i t h 

s a m p l e 3 i n F i g . 1 0 . N o t e t h e s p o t o n s a m p l e 5, ~ 1 5 c m a b o v e t h e s p a d e . 

T h e s p o t a p p e a r e d a s t h o u g h t h e c l a d h a d a l m o s t r e a c h e d i t s m e l t i n g p o i n t 

a n d s o m e of t h e m a t e r i a l h a d s t a r t e d t o f l o w . H o w e v e r , e s t i m a t e d 
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m a x i m u m cladding t e m p e r a t u r e {2050°C) is c o n s i d e r a b l y l o w e r t h a n the 
me l t ing point of t a n t a l u m . The spot w a s p r o b a b l y p r o d u c e d by an a l u m i n a 
tube used to i n su l a t e the c ladding t h e r m o c o u p l e . (See S e r i e s XXXII d i s 
cuss ion in p a r . 4 below.) 

i 

112-1415 

Fig, 14. 

of t h e 
t e n d i n 

i 

( 

a. Sample 1. The s p a c e r 
w i r e unco i l ed , and the s a m p l e w a s 
badly w a r p e d but no f a i l u r e or p e n 
e t r a t i o n of the c ladding o c c u r r e d . 
The o r i g i n a l loading c o n s i s t e d of 
nine oxide s l u g s , e a c h ~4 c m long. 
After the t r a n s i e n t t e s t , 49 s lugs 
w e r e r e m o v e d . A p p r o x i m a t e l y 88% 
of t h e s e m e a s u r e d ~0.5 c m . N e i t h e r 
i n c r e a s e s in d i a m e t e r no r ch ips or 
f r a g m e n t a t i o n w e r e found. 

b. Sample 2. All but the 
upper 8 c m of the c ladding c o m 
p le t e ly m e l t e d . All oxide w a s a c 
counted for, and t h e r e w a s no 
ind ica t ion of an o x i d e - c l a d d i n g r e 
ac t ion . The o r i g i n a l loading of 
nine oxide s lugs f r a g m e n t e d to 
23 s lugs a f te r the trans ient test; 
45% of t h e s e m e a s u r e d b e t w e e n 1.0 
and 1.5 cm. M i c r o s c o p i c e x a m i n a 
t ion of the oxide showed the typ ica l 
" r e c r y s t a l l i z e d " c e n t r a l r e g i o n . 

c. S a m p l e 3 . T h e c l a d d i n g 

w a s d e s t r o y e d t o t h e s a m e e x t e n t a s 

t h a t f o u n d w i t h s a m p l e 2 . T h e 

l e n g t h of t h e o x i d e s l u g s w a s r e 

d u c e d t o ~1 c m . A p p r o x i m a t e l y 5 0 % 

s l u g s w e r e f o u n d t o b e t u b u l a r , h a v i n g a c e n t r a l v o i d ( 0 . 1 2 c m ) e x -
y t h r o u g h t h e s l u g . 

Series XXVIII Samples 1 through 5 (left 
to right) Showing Complete Failure of 
Samples 2 and 3 

d. S a m p l e s 4 a n d 5 . T h e c l a d d i n g ( t a n t a l u m ) on s a m p l e 4 r e 

m a i n e d i n t a c t . P r a c t i c a l l y n o w a r p a g e o r d i s t o r t i o n o c c u r r e d . O n s a m p l e 5, 

a s m a l l c l a d d i n g r u p t u r e w a s f o u n d a b o u t 15 c m a b o v e b o t t o m . O x i d e 

s l u g s i n s a m p l e 4 w e r e b r o k e n i n t o s h o r t e r l e n g t h s , b u t t h e r e w a s n o i n 

d i c a t i o n of m e l t i n g o r s t r u c t u r a l c h a n g e . T h e o x i d e s l u g s i n s a m p l e 5 

w e r e f o u n d t o b e c o m p l e t e l y g r a n u l a t e d i n t o p i e c e s f r o m a b o u t 0 .1 t o 0 . 3 c m 

i n l e n g t h . F i n e s a n d d u s t a m o u n t e d t o 3 t o 5% of t h e t o t a l f u e l w e i g h t . 



25 

4. S e r i e s XXXII D r y T r a n s p a r e n t ( F o u r S a m p l e s ) . The p o s t i r r a 
d i a t i on cond i t ion of the two n i o b i u m - c l a d (l and 2) and two t a n t a l u m - c l a d 

(3 and 4) s a m p l e s i s shown in 
F ig . 15. The d a r k m a t e r i a l a d h e r i n g 
to s a m p l e s 1, 2, and 3 is v i t r i o u s 
a l u m i n a t h e r m o c o u p l e insu la t ion , 
which b e c a m e so l id ly fused to the 
c ladding dur ing the t r a n s i e n t t e s t . 
A l u m i n a m e l t s a t 2015°C.(l '7) 

a. Sample 1. The s a m p l e 
w a s in t ac t and s l igh t ly w a r p e d , and 
the c ladding e x t r e m e l y b r i t t l e . The 
ou t s ide d i a m e t e r of the c ladding i n 
c r e a s e d by 0.002 to 0.005 cm. The 
oxide c y l i n d e r s showed typ ica l d i 
a m e t e r i n c r e a s e s of 0.002 to 
0.005 cm, for both s a m p l e I and 
s a m p l e 2. 

b . Sample 2. The s a m p l e 
was s l igh t ly w a r p e d . A s m a l l hole 
w a s found in the c ladding a t a point 
22 c m f r o m the bo t tom. The c l ad 
ding d i a m e t e r i n c r e a s e d by about 
0.005 to 0.008 c m . F r o m the r i s e 
in ac t iv i ty r e c o r d e d a t the f i s s i on 
g a s t r a p in the c a p s u l e - c o v e r gas 
s y s t e m , it w a s conc luded that the 
hole w a s p r o d u c e d dur ing the t r a n 
s i en t t e s t . F u e l s lugs f r o m s a m p l e s 1 

and 2 took e i t h e r the f o r m of a l oose ly bonded oxide c o r e s u r r o u n d e d by a 
h a r d e r c y l i n d e r , c o m p a r a b l e in a p p e a r a n c e wi th unexposed oxide, or hol low 
(or p a r t i a l l y hol low) c y l i n d e r s wi th a h a r d , fused, i n n e r s u r f a c e . An end 
v iew of the m a t e r i a l f r o m s a m p l e s 1 and 2 is shown in F ig . 16. Note the 
t endency t o w a r d a concave s u r f a c e on the ends of the c y l i n d e r s . This o c 
c u r r e d not only for the " b r o k e n " e n d s , but for the o r i g i n a l , m a c h i n e d ends 
a l s o . The m a x i m u m fuel t e m p e r a t u r e e s t i m a t e d for s a m p l e 1 w a s about 
2700°C; c e n t e r m e l t i n g should have o c c u r r e d in s a m p l e 2. F i g u r e 17 shows 
the r e l a t i v e l y unchanged o u t e r s u r f a c e of the s a m e oxide fuel shown in 
F ig . 15. Note the s h o r t l eng ths of p o s t i r r a d i a t i o n oxide, and the two w e l l -
f o r m e d so l id i f ied d r o p s of oxide n e a r the top, and o n e - f o u r t h of the way 
f r o m the top of s a m p l e 2. 

112-1933 

Fig. 15. Refractory-metal-clad Samples 1 
through 4 (left to right) of Series XXXII 

c. S a m p l e s 3 and 4. The c ladding on s a m p l e 3 w a s in tac t , but 
a s e c t i o n b e t w e e n 10 and 20 c m f r o m the b o t t o m w a s bulged to about 
4 . 7 5 - m m d i a m e t e r . The c ladding on s a m p l e 4 showed tha t e x t e n s i v e m e l t i n g 
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had o c c u r r e d along a zone b e t w e e n 8 and 17 c m f r o m the top. F u e l c y l i n 
d e r s f rom both s a m p l e s w e r e s i m i l a r in a p p e a r a n c e to t hose f r o m s a m p l e s 1 
and 2. They a p p e a r e d to a d h e r e s l igh t ly to the i n n e r wa l l of the c l add ing . 
Removing the fuel c y l i n d e r s r e s u l t e d in t h e i r b r e a k i n g down in to a m a s s 
of chips and g r a n u l e s wi th no fuel r e m a i n i n g p e r m a n e n t l y fixed to the i n n e r 
waU of the c ladding. N e i t h e r the oxide f r a g m e n t s nor the i n s ide of the c l a d 
ding showed ev idence of a f u e l - t a n t a l u m i n t e r a c t i o n zone , h o w e v e r , upon 
subsequen t inspec t ion . F i g u r e 18 shows s a m p l e 4 s t i l l con ta ined in the 
Z i r c a l o y i n n e r l ine r of the " t r a n s p a r e n t " c a p s u l e . The v iew is t a k e n f r o m 
the back end of the capsu l e l i ne r t h rough the opening n o r m a l l y c o v e r e d or 
occupied by a q u a r t z m i r r o r . The d i s c o l o r e d s u r f a c e of the i n n e r l i n e r , 
opposi te the point w h e r e the s a m p l e m e l t e d , i n d i c a t e s the i n t e n s e hea t ing 
that the l ine r was sub jec ted to in that a r e a . H o w e v e r , t h i s p a r t i c u l a r i n n e r -
l i ne r des ign has p r o v e d to be m o r e than adequa te for a l l e x p e r i m e n t s con
ducted to da te . 

112-1936 
Fig. 16. Oxide Slugs from Samples 1 and 2 (left to right) of Series XXXII, End View 

with Oblique Lighting Showing Hollow Slugs and "Recrystallized" Centers 

^ 

112-1935 

17. Oxide Fuel Slugs from Samples 1 and 2 (top to bottom) of 
Series XXXH after Removal of Niobium Cladding 
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5. S e r i e s XXXIII Dry T r a n s p a r e n t 
( F o u r S a m p l e s ) . The p o s t t r a n s i e n t condi 
t ion of the four r e f r a c t o r y - m e t a l - c l a d s a m 
p l e s of S e r i e s XXXIII a r e shown in F ig . 19. 
The t a n t a l u m - s h e a t h e d t u n g s t e n - r h e n i u m 
" i n t e r n a l " t h e r m o c o u p l e s a r e shown, s t i l l 
a t t a c h e d to the t a n t a l u m - c l a d s a m p l e s . 
F i g u r e 20 shows the fuel a f te r being r e 
m o v e d f r o m the c l add ing . The ends of the 
i n t e r n a l t h e r m o c o u p l e s a r e a l s o shown 
h e r e . M i c r o s c o p i c e x a m i n a t i o n r e v e a l e d 
tha t the t i p s of the s h e a t h s of both t h e r m o 
c o u p l e s w e r e m e l t e d away ( that of s a m p l e 4 
be ing m u c h w o r s e than tha t of s a m p l e 3). 

a. S a m p l e s 1, 2, and 3. The 
s a m p l e s w a r p e d s l igh t ly , but the c ladding 
did not fai l . Concave cy l inde r ends w e r e 
c o m m o n . A t r a c e of thin, loose su r f ace 
s c a l e a p p e a r e d on the b o t t o m 2 c m of the 
c ladd ing of p in s 1 and 2. The cladding 
f r o m s a m p l e s 1 and 2 w a s found to have 
expanded to about 4 .83 m m d i am. The 
c ladd ing d i a m e t e r i n c r e a s e for s a m p l e 3 
w a s about 0.012 cm. The a p p e a r a n c e of 
the ind iv idua l fuel c y l i n d e r s , f rom these 
s a m p l e s , w a s s i m i l a r to that found in o ther 
s p e c i m e n s r e a c h i n g t e m p e r a t u r e s above 
l600°C. T h e r e w a s no ev idence of m e t a l -
oxide r e a c t i o n z o n e s . T h e r e was no f r a g 

m e n t a t i o n , o the r than the oxide s lugs b r e a k i n g down f r o m leng ths of ~3.4 c m 
to l eng ths of 0.8 c m . 

112-1934 
Fig. 18. Sample 4 of Series XXXII 

Contained in Zircaloy Inner 
Liner of Transparent Irradia
tion Capsule 

b. Sample 4. Cladding f a i l u r e w a s e x t e n s i v e along the e n t i r e 
uppe r 16 c m of the s a m p l e . All fuel , wi th the excep t ion of one p i ece about 
0.8 c m long, w a s e j ec t ed f r o m the c ladd ing . The c ladding outs ide d i a m e t e r 
w a s found to have i n c r e a s e d by about 0.016 c m . M e t a l l o g r a p h i c e x a m i n a 
t ion of c ladd ing f r o m the m e l t e d s e c t i o n fa i led to r e v e a l anything that 
could be iden t i f i ed a s a t a n t a l u m - u r a n i u m oxide diffusion or i n t e r a c t i o n 
zone . F i g u r e 21 i s a p h o t o m i c r o g r a p h of t a n t a l u m c ladding t aken f rom a 
s e c t i o n a d j a c e n t to the point of f a i l u r e . The l a r g e c r y s t a l g r a i n b o u n d a r i e s 
t h roughou t the s e c t i o n a r e i nd i ca t ive of e x t r e m e l y h i g h - t e m p e r a t u r e con
d i t i ons , and the s l igh t ly i r r e g u l a r , p i t t ed i n n e r edge of the c lad could be 
t a k e n to i n d i c a t e tha t the t e m p e r a t u r e of the i nne r s u r f a c e had r e a c h e d the 
m e l t i n g poin t of t a n t a l u m (~3000°C). All the fuel r e c o v e r e d f r o m the t r a n s 
p a r e n t c a p s u l e i s shown in F ig . 22. About half the m a t e r i a l a p p e a r e d to be 
in the f o r m of c o a r s e g r a n u l e s . The r e m a i n d e r c o n s i s t e d of th ick s h e l l - l i k e 
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f r a g m e n t s that m i g h t have r e s u l t e d f r o m the b r e a k d o w n of hol low c y l i n d r i c a l 
s e c t i o n s , d e s c r i b e d in connec t ion wi th S e r i e s XXXII. A typ i ca l p a r t i c l e -
s ize d i s t r i b u t i o n of the m a t e r i a l r e m a i n i n g a f te r c o m p l e t e d e s t r u c t i o n of 
the o r ig ina l oxide c y l i n d e r s i s shown in Tab le II. 

ft F ig . 19 

» I S e r i e s XXXIII S a m p l e s 1 t h r o u g h 4 
I (left to r igh t ) Showing I n t e r n a l 
I T h e r m o c o u p l e s and Ex t en t of 
I W a r p a g e 

112-2123 

Fig . 20 

S e r i e s XXXIII Showing Oxide Fue l 
f rom Samples 1 th rough 3 and the 
Mel ted Tip of the T h e r m o c o u p l e s 
in Samples 3 and 4 (Same O r i e n t a 
t ion as F ig . 19) 

112-2144 
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Fig. 21. Series XXXIII Sample 4, Photomicrograph of Tantalum 
Cladding from Section near Point of Failure 

Fig. 22 

Series XXXIII Sample 4, Condition 
of Oxide Recovered from Inner Liner 
after Failure of Sample 



30 

T a b l e II 

P A R T I C L E - S I Z E DISTRIBUTION OF 
UO2 F U E L CYLINDERS A F T E R 

F A I L U R E OF R E F R A C T O R Y 
M E T A L CLADDING 

SXXXIII, Samp le 4 

Size Range 
( m i c r o n s ) 

0-148 
149-249 
250-419 
4 2 0 - 8 3 9 

=:840 

P e r Cent of 
To ta l Samp le 

2.0 
2.7 
8.2 

35.9 
51.1 

c. Dens i ty C h a n g e s . S e v e r a l oxide c y l i n d e r s f r o m s a m p l e s 1-3 
of S e r i e s XXXIII w e r e t aken for dens i t y m e a s u r e m e n t s to c h e c k the a p p a r e n t 
dens i ty i n c r e a s e ind ica ted by the concave ends . The m a t e r i a l s e l e c t e d was 
f r o m the e l e m e n t s tha t exhib i ted a r e c r y s t a l l i z e d or g l a s s y c e n t e r zone . 
M a x i m u m c e n t r a l fuel t e m p e r a t u r e w a s e s t i m a t e d to r a n g e f r o m abou t 
2700°C th rough m e l t i n g . Tab le III i s a s u m m a r y of t he da t a on f ive of t h e s e 
s p e c i m e n s , which showed an a v e r a g e p o s t i r r a d i a t i o n d e n s i t y of 95.6%. 

Tab le III 

DENSITY O F S P E C I M E N S GIVEN 
H I G H - T E M P E R A T U R E E X P O S U R E 

S p e c i m e n No. 

1 
2 
3 
4 
5 

Dens i ty ( g m / c c ) 

10.482 
10.203 
10.758 
10.114 
10.857 

P e r Cent of T h e o r e t i c a l 

95.5 
93.0 
98.1 
92.2 
99.0 

The dens i t y of the oxide u s e d ( p r e i r r a d i a t e d ) for the e x p e r i 
m e n t s c o v e r e d in Tab le III w a s 93.0% of t h e o r e t i c a l . 
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IV. ANALYSIS 

A. Temperature Calculations 

Transient sample tempera tures were calculated for the experiments 
in order to obtain the radial t empera ture variat ions throughout the transient 
heating and cooling. F rom these calculations, est imates could be made of 
thermal s t r e s s e s in the fuel and the cladding, and effective values of the 
heat- t ransfer coefficient between the fuel and the cladding. Computed 
"est imates" of the t ransient t empera ture history of the sample interior 
could be made for a given experimental curve of transient cladding tem
perature . Effects were studied for two types of cladding: steel and tanta
lum. Tantalum resul ts were assumed to be typical of those for niobium 
cladding because both metals have nearly equal values of thermal conduc
tivity, k, and specific heat per unit volume, p Cp. Transient temperature 
calculations were made using the Argonne IBM-704 transient heat- t ransfer 
code RE-248 ARGUS, (23) which is a newer and more powerful version of 
the RE-147 CYCLOPS code used ear l ier . (6) The newer code is used for 
these calculations because it pe rmi t s explicit use of a boundary conduct
ance, U (like that between the UOj fuel and metal cladding), without "lump
ing" the U into an effective thermal conductivity for an adjacent mater ia l 
region, and because the cladding region can be used as a separate region 
in the calculations •without forcing computations to use an excessively 
large number of i terations for mathematical convergence. Material prop
erty values used are l isted in Table IV. 

Table IV 

MATERIAL PROPERTY VALUES USED IN TRANSIENT 
TEMPERATURE CALCULATIONS 

Material 

Uranium oxide fuel 
304 stainless steel 
Tantalum 

Thermal Conductivity, 
k [w/(cm)(°C)] 

0.0211 
0.25 
0.6285 

Specific Heat per 
Unit Volume, p Cp 

[W-sec/(cc)(°C)] 

3.34 
5 
2.615 

The value of oxide thermal conductivity given in Table IV was 
selected as typical for UO2.04 of about 90% density over the temperature 
range above 1000°C, on the basis of reported resul ts over the range of 
833 to 2112°C,(24) and over the range of 800 to II50°C.(25) No provision 
was made for a large increase in thermal conductivity at temperatures 
above 1500°C as reported from post i r radiat ion examinations and calcula
tions of radiant heat - t ransfer enhancement at high tempera tures . (26) The 
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t a n t a l u m t h e r m a l conduc t iv i ty va lue w a s adop ted f r o m a l i t e r a t u r e s u r 
vey,(27) and the t a n t a l u m va lue for p Cp w a s an a v e r a g e , o v e r the t e m 
p e r a t u r e r a n g e of i n t e r e s t ob ta ined f r o m m e a s u r e m e n t s of t a n t a l u m Cp 
at e l e v a t e d t e m p e r a t u r e s . ' 2 ° ) 

ARGUS, l ike C Y C L O P S , c o m p u t e s t r a n s i e n t t e m p e r a t u r e s r e s u l t i n g 
f rom a t r a n s i e n t p o w e r input p e r uni t v o l u m e of fuel, P ( r , Z , T ) a t r a d i u s r , 
ax ia l pos i t i on Z, and t i m e , T, g iven by the equa t ion 

P ( r , Z , T ) = 00 y ) •^(Z), n(T), (1) 

w h e r e fi, T), and n a r e a r b i t r a r y n u m e r i c a l funct ions given p o i n t w i s e for 
r , Z, and T, r e s p e c t i v e l y . S ince no ax ia l p o w e r v a r i a t i o n w a s bui l t into 
the e x p e r i m e n t s , •n(Z) = 1. Va lues of r e l a t i v e r a d i a l p o w e r w e r e c a l c u 
l a t e d u s ing a s e m i e m p i r i c a l r e l a t i o n s h i p g iven by T a r a b a and P a i n e , t ") 
T h i s r e l a t i o n s h i p h a s b e e n found to a g r e e wel l wi th r e s u l t s of c a l c u l a t i o n s 
of r a d i a l t h e r m a l - n e u t r o n flux, t ha t w e r e m a d e u s i n g the SNG a p p r o x i m a 
t ion to the t r a n s p o r t equat ion , spanning the s a m p l e v a l u e s of m a c r o s c o p i c 
t h e r m a l - n e u t r o n a b s o r p t i o n and o u t e r r a d i u s . T a b l e V p r e s e n t s the r e l a 
t ive r a d i a l - p o w e r v a l u e s a v e r a g e d o v e r the c a l c u l a t i o n r e g i o n s , / i ( r ) , u s e d 
in the c a l c u l a t i o n s . (Values w e r e n o r m a l i z e d so tha t p o w e r at the o u t e r 
s u r f a c e would be uni ty . ) 

Tab le V 

AVERAGED R E L A T I V E R A D I A L - P O W E R 
VALUES USED IN TRANSIENT T E M 

P E R A T U R E CALCULATIONS 

Oute r Rad ius of 
Reg ion (cm) 

0.01905 
0.05715 
0.09525 
0.13335 
0.16145 
0.1905 

R e l a t i v e 
R a d i a l - p o w e r 
Va lue , / i (r) 

0.8286 
0.8331 
0.8521 
0.8819 
0.9293 
0.9647 

V a l u e s of the effect ive h e a t - t r a n s f e r coeff ic ient , h, for the o u t e r 
s u r f a c e of the c ladding w e r e ob ta ined by m e a s u r i n g the r a t e s of t e m p e r a 
t u r e d r o p r e c o r d e d by the s a m p l e c ladding t h e r m o c o u p l e s . F i g u r e 23 i s a 
g r a p h of the hea t con ten t , r e f e r r e d to 25°C, of Type 304 s t a i n l e s s - s t e e l - , 
n i o b i u m - , and t a n t a l u m - c l a d oxide s a m p l e s . With in the a c c u r a c y of p lo t t ing 
the da ta of the f igure , the c u r v e s for n i o b i u m - and t a n t a l u m - c l a d s a m p l e s 
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c o i n c i d e . Data for UO2 w e r e t aken 
f r o m B e l l e ' s computat ioni^O) fQj. s tee l 
f r o m s t a n d a r d s o u r c e s , and for n iobium 
and t a n t a l u m f r o m Ref. 28. Values of 
hea t t r a n s f e r w e r e obta ined a s a func
t ion of t e m p e r a t u r e f r o m the cooling 
c u r v e for e a c h t h e r m o c o u p l e r e c o r d 
t r a c e a s fo l lows: F i r s t , a convenient 
i n c r e m e n t of t e m p e r a t u r e (of the o r d e r 
of 150°C) w a s s e l e c t e d . The c o r r e 
sponding i n c r e m e n t in t i m e , A T , was 
s e l e c t e d . The hea t los t , AH, due to 
the d r o p in t e m p e r a t u r e w a s r e a d d i 
r e c t l y f r o m F ig . 23 . The r e s u l t i n g 
va lue of AH/^T was divided by the 
c ladding s u r f a c e a r e a p e r g r a m of fuel. 
Th i s p r o c e d u r e , a l though b a s e d on a 
m o d e l of an i s o t h e r m a l cooling body, 
i s r i g o r o u s if two condi t ions a r e m e t : 

(1) A T i s s m a l l enough so tha t the t e m p e r a t u r e l o s s th roughout the body is 
un i fo rm, and (2) m a t e r i a l p Cp ove r the a c t u a l t e m p e r a t u r e d i s t r i b u t i o n is 
equa l to tha t a t the s u r f a c e t e m p e r a t u r e . Both condi t ions a r e sa t i s f i ed for 
t h e s e e x p e r i m e n t s , wi th in the a c c u r a c y of m e a s u r e m e n t . 
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Fig. 23. Isothermal Sample Heat Content 
as a Function of Temperature 

F i v e c a s e s w e r e c o n s i d e r e d : t a n t a l u m - and s t e e l - c l a d s p e c i m e n s 
in the opaque c o n t a i n e r s , and s a m p l e s wi th a l l t h r e e c ladd ings in t r a n s p a r 
ent c o n t a i n e r s . F i g u r e 24 shows the e x p e r i m e n t a l hea t t r a n s f e r for 
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Fig. 24. Comparison of Experimental Values of h with Those Calculated 
for Radiant Heat Transfer for Stainless-steel-clad Samples 
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steel-clad specimens in both types of containers. No experimentally sig
nificant difference was noted between behavior in each capsule. Figure Z5 
displays data taken from the experiments with tantalum-clad samples run 
in opaque and transparent containers. Again no experimentally significant 
difference was observed for the two cases . Figure 26 contains data points 
for runs made on niobium-clad specimens in the t ransparent containers. 
For comparison. Figs. 24, 25, and 26 also show values of heat transfer 
for sample heat loss calculated with the assumption of heat t ransfer only 
by thermal radiation to the high-reflectance walls of the t ransparent cap
sule Calculated heat losses for the opaque capsules were slightly higher, 
but were well within the uncertainties in effective cladding emissivi t ies . 
From these comparisons, it is seen that the experimental ra tes of heat 
loss are in reasonable agreement (~±30%) with calculated ra tes for the 
higher temperatures of interest. 

An important value for calculations, which is beUeved to be not 
amenable to calculation, is the effective boundary conductance, U, be
tween fuel and cladding. However, the shape of the heating and cooling 
curve for the cladding depends upon competition between heat transfer 
through and from the fuel, and the loss to the sample surroundings. Given 
the sample energy input, relevant mater ia l propert ies , and the effective 
heat-transfer coefficient h, one may calculate a family of cladding 

• OPAQUE CAPSULE 

O TRANSPARENT CAPSULE 

600 tOOO 1200 UOO 

TEMPERATURE, ' C 

1800 2000 

Fig. 25. Comparison of Experimental Values of h 
with Those Calculated for Radiant Heat 
Transfer for Tantalum-clad Samples 
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Fig. 26. Comparison of Experimental Values of h 
with Those Calculated for Radiant Heat 
Transfer for Niobium-clad Samples 

temperature curves for a given transient experiment by varying U only. 
Figure 27 is a graph of calculated central-fuel and cladding-surface 
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Fig. 27. Calculated Central-fuel and Cladding-surface Temperatures 
for Three Values of U 
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tempera tures for three experimental ar rangements identical except f°^ " . 
For this example, maximum central-fuel temperature is insensitive to U, 
but the maximum cladding temperature and the time of maximum tempera 
ture are dependent upon U, at least over the range of 0.04-1 W/(cm) I C). 
A prel iminary analysis of the value of U was made after the f irs t se r i es 
of experiments by comparing experimental and calculated cladding-surface 
temperatures . A value of 0.2 was obtained from a general comparison of 
cladding heating and cooling curve shapes. As a resul t of this study, a 
value of 0.2 was adopted for preliminary analysis of subsequent experiments . 
Estimated uncertainty in U as determined by this devious curve-matching 
method was set at a factor of 2.(31) it may be noted that a value of 
U = 0.2 w/{cTnf{°C) is indicated for samples with these fuel-claddmg 
clearances, for steady-state conditions.(1 =) 

s m -An attempt was made to obtain an effective U for the entire enser 
ble of experiments on the oxide specimens. Experimental values of the 
delay between maximum reactor power and maximum cladding tempera ture 
were compared with values calculated using experimental h, and U of 1.0, 
0.2, and 0.04. The experimental numbers showed a wide scat ter , but were 
concentrated between the theoretical curves defined by U = 0.2 and 1.0. 
No systematic deviations were noted for such experimental pa r ame te r s as 
cladding mater ia l or maximum cladding temperature , but the general trend 
indicated a nominal value nearer 1.0 than 0.2. 

From the above calculations, relationships were obtained between 
maximum central-fuel temperature and maximum cladding-surface t em
perature , and between maximum cladding-surface tempera ture and oxide 
sample temperatures at the time of maximum cladding tempera ture . Fig
ure 28 shows calculated curves for maximum central-fuel t empera ture as 
a function of maximum cladding-surface temperature , over the ranges of 
main interest for tantalum- and s ta in less-s tee l -c lad oxide samples, cal
culated with U = 1.0 w/(cm)^(°C). For comparison, the U = 0.2 w/(cm)^ 
(°C) case, s ta inless-s teel -c lad specimen is also presented. 

Finally, the experimental values of maximum cladding-surface 
temperatures were compared for consistency. Figure 29 is a graph of 
maximum measured cladding temperature as a function of integrated r e 
actor power, for the oxide samples. Thermocouples records exhibiting 
er ra t ic behavior (for example, due to sample failure, or loss of the rmo
couple contact with cladding during transient) were not used in obtaining 
the data of Fig. 29. When readings from two or more thermocouples were 
available for a given transient, the maximum values from each instrument 
were averaged. For a given reactor energy re lease , the maximum clad
ding temperature is a function of: 

(l) Thermal-neutron flux depression due to both container and 
cladding mater ial . 
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(2) The t e m p e r a t u r e d i s t r i b u t i o n in the s a m p l e a t the t i m e of 
m a x i m u m cladding t e m p e r a t u r e . 

(3) The s a m p l e hea t l o s t to surroundings during the t i m e of the 
c ladding t e m p e r a t u r e r i s e . 

(4) The hea t con ten t of the c l add ing . 

1 r 
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Fig. 28. Calculated Relationship between Maximum Oxide Sample Temper
ature and Maximum Cladding-surface Temperature 
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Data of Fig. 29 were replotted in Fig. 30 by multiplying each value 
of integrated reactor power by a calculated coefficient equal to the ratio of 
reactor energy re lease for that sample to that for a tantalum-clad speci
men that attained the same maximum cladding temperature as a resul t of 
exposure in the t ransparent meltdown facility. Correction factors used to 
normalize tantalum-clad samples in the t ransparent container were as 
follows: 

Opaque container (relative thermal-neutron flux) 1.20 

Steel cladding (relative thermal-neutron flux) 1.06 

Niobium cladding (relative thermal-neutron flux) 1.07 

Steel cladding (heat content) 0-91 
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The data scatter of Fig. 29 is reduced somewhat by this procedure 
for eliminating effects of variable nuclear and mater ia l propert ies . The 
scatter that remains thus should be typical of the experimental measure 
ments proper. For the comparisons shown in Figs. 29 and 30, integrated 
reactor power is used instead of sample energy re leases , because reactor 
power was measured directly in each experiment. Values of sample energy 
release for each experiment could have been estimated either from en
thalpy values and experimental temperatures, or from the reactor integrated 
power values and calculated neutron-flux depression factors. The first 
technique for estimating sample energy release, of course, is not suitable 
for checking experimental consistency. The second technique, while suit
able for this type of check, is not as direct as that using the reactor data 
and absolute calibration factors. Further, it would tend to obscure the 
fact that sample energy release was not actually measured. 

B. Failure Calculations 

For the samples considered, possible causes of cladding failure 
considered were: 

(1) Cladding rupture due to differential thermal expansion. 

(2) Cladding rupture due to internal p ressure . 
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(3) Cladding rupture due to thermal s t r e s se s . 

(4) Interaction between oxide and cladding. 

These mechanisms may be reviewed briefly as follows: 

1. Cladding Rupture due to Differential Thermal Expansion. No 
detailed calculations were made of cladding s t r e s ses due to thermal expan-
sion of the fuel because of the presence of the gap between the fuel and the 
cladding. For example, in the case of a cladding tube held at room tempera
ture, a uniform oxide tempera ture in excess of 1400°C would be required 
for the oxide to expand to the cladding inner surface. This type of tempera
ture discontinuity is indicated by the transient temperature calculations, 
but even when U = 0.2 w/(cm)^(°C), the discontinuity is not of sufficient 
magnitude. 

2. Cladding Rupture due to Internal P re s su re . Cladding rupture 
as a resul t of internal p r e s su re buildup was estimated, using a simple, 
isothermal model in which the fuel, the inert gas bond, and the cladding 
were assumed to be at the same temperature . The internal volume was 
calculated. Internal gas p r e s su re was computed using the perfect gas law, 
and cladding bursting p r e s s u r e was calculated on the basis of a thin-
walled cylinder.(31) Thermal expansion data for UOj over the tempera
ture range of in teres t were taken from that of Halden et al.(32) Standard 
sources were used to obtain the thermal expansion coefficients for niobium 
and tantalum,*(33) and tensile strength of Type 304 stainless steel.^2^' 
Tensile strength values for niobium and tantalum were obtained up to 
2000°C,(35) and extrapolated to the melting points of the two metals. 

Graphs showing calculated internal p re s su res and bursting 
p r e s su re s , plotted as functions of temperature , are shownas Figs. 31, 32, 
and 33 for s teel- , niobium-, and tantalum-clad samples, respectively. In 
each case, internal p r e s su re r i ses are modest and become equal to burs t 
ing p r e s s u r e comparatively near the melting point of the cladding. For 
Type 304 stainless steel, this model predicts failure at 1377°C (4.8 atm); 
for niobium, at 1900°C (8.2 atm); and for tantalum, at 2393°C (12.2 atm). 
Because of the steep slope in the burs t ing-pressure curve of Fig. 31, 
comparatively large changes in the tensi le-s t rength data would make only 
small changes in the temperature of intersection; however, even small 
changes in the bur s t ing -p ressu re curves of Figs. 32 and 33 could effect 
appreciable changes in intersection temperature . This simple model does 

*The average value over the range of 18-2000°C for niobium was 9.0 x 
1 0 ' y ° C . An average value of 8.1 x 10"V°C was estimated for tantalum 
over the same range based on room-tempera ture values of 6.5 x 10 
and 7.2 x 10"'' for niobium and tantalum, respectively. (31) 
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Fig. 31. Calculated Internal P re s su re 
and Bursting Pressure for 
Isothermal 304 Stainless-
steel-clad Sample 

TEMPERATURE. °C 

Fig. 32. Calculated Internal P res su re and 
Bursting Pressure for Isothermal 
Niobium-clad Sample 
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TEMPERATURE, °C 

Fig. 33. Calculated Internal Pressure and 
Bursting P res su re for Isothermal 
Tantalum-clad Sample 

not take into account possible defects in tube or end welds, nonuniform 
temperature distributions, or departure from elastic behavior at elevated 
temperatures . During the sample power input, oxide temperatures could 
be hundreds of degrees above that of the cladding, however. The isothermal 
approximation e r ro r due to this simplification is comparatively small. In 
the case of steel-clad specimens, the large negative first derivative of the 
burs t ing-pressure curve minimizes this effect; in the cases of niobium-
and tantalum-clad samples, the absolute magnitudes of the first derivatives 
of the calculated burs t ing-pressure curves are less than those of the 
in terna l -pressure curves in the temperature ranges of interest. If one 
assumes that radial temperature distributions near peak cladding tempera
ture may be approximated by a uniform oxide temperature 400°C above 
the cladding temperature , then failure occurs for Fig. 32 at about 1850°C 
(9.3 atm), and for Fig. 33 at 2290°C (14.7 atm). These differences are well 
within the large estimated uncertainties in the data used for calculations 
and uncertainties in temperature measurements . 

3. Cladding Rupture due to Thermal Stresses . Thermal s t resses 
in the cladding were estimated to be modest for these experiments. For 
purposes of orientation, transient temperatures were calculated for an 
oxide sample with the conservative value of U = 0.2 w/(cm)^(°C), reaching 
a central temperature of about 2050°C above a slowly moving NaK-like 
coolant at 30°C surrounding the cladding. In that case, the maximum tem
pera ture drop in the cladding was 100°C. Maximum s t ress , a^iax' i" ^^^ 
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thin sheU of the cladding may be approximated by the equation^ 

a^^^ = aE(At)/[2(l-7.)] , (̂ ^ 

where a is the coefficient of thermal expansion, E is the elastic modulus, 
At is the temperature drop across the cladding, and V is Poisson 's rat io. 
Using values for steel of 2 x 10-5°C, 24 x lO' psi, and 0.28 for a. E, and 
V, respectively, we have a^^ax = 33,333 psi. Hence, this phenomenon 
would not be operative for the dry experiments reported herein, but would 
have to be considered seriously if the same samples were run in flowing 
sodiuin coolant. 

4. Interaction between Oxide and Cladding. No definitive est imates 
were made of possible cladding failure due to interactions with o'^i^l', ^ ^ ' 
action of UOj-stainless steel was ruled out on theoretical grounds.^ > No 
reaction was observed by Mason for UOz-stainless steel cerrriet mixtures 
in differential thermal analysis experiments up to 1200°C.(38) Similarly, 
no reaction with either niobium or tantalum was indicated theoretically.*( •* 

Experimentally, it has been reported that pellets of UO2, placed 
in contact with niobium and tantalum, and run for 10 hr at 2000°C, were 
found to adhere to the metal. Examination of the meta l -ce ramic interfaces 
showed no "gross interaction but did indicate a penetration of the grain 
boundaries near the interface by some component from the UO2. "(39) 
Albaugh reported that molten UO2 was found to react rapidly with tantalum, 
but the two mater ia ls were compatible below the UO2 melting point.V 0) 
Kerr ,( l8) however, found evidence for a "fast" reaction between UO2 and 
tantalum at 2420°C. Another survey,(•*!) in which couples were exposed 
for 10 minutes at temperature in an argon atmosphere, reported niobium 
to be compatible with UO2 up to the metal melting point, and tantalum to 
be compatible up to the oxide melting point. 

C. Stress Estimates 

Internal sample s t r esses arising from the calculated radial temper
ature distributions (see Section IV A, above) were calculated in order to 
estimate the likelihood of sample cracking, and the types of cracking that 
would occur. Standard equations were used for the p lane-s t ra in solutions 
for axial, radial, and tangential s t r e s ses in a r ight -c i rcular cylinder due 
to a temperature distribution given as a function of radius.v*"^' These 
equations were coded for the IBM-704 computer by Miller,1*3) and are 
valid for parts of the cylinder > one diameter from the ends. Figure 34 
is a graph of calculated radial tempera tures for selected t imes during a 

*However, no directly measured values of free energy of formation 
w/ere available in the temperature ranges of interest . Compatibility 
was estimated by extrapolating data from lower t empera tu res . 
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t y p i c a l e n e r g e t i c t r a n s i e n t e x p e r i 
m e n t . The g e n e r a l t e m p e r a t u r e 
p ro f i l e i s c l e a r l y concave upward at 
t i m e s n e a r the t i m e of m a x i m u m 
p o w e r (0.70 s ec ) . F i g u r e 35 shows 
the c a l c u l a t e d r a d i a l , ax ia l , and 
t a n g e n t i a l s t r e s s e s for two t i m e s 
n e a r the power m a x i m u m (at 0.5 and 
0.75 sec ) , and for t h r e e t i m e s dur ing 
cool ing (1.00, 1.75, and 2.75 sec ) . 
A va lue of 23 x 10 p s i was used for 
the e l a s t i c m o d u l u s , a for the t e m 
p e r a t u r e r a n g e of i n t e r e s t was a s 

s u m e d to be 10*Y°C, and v w a s t a k e n to be the r o o m - t e m p e r a t u r e va lue 
of 0 .3 . ' ' ** ' S t r e s s v a l u e s belov/ z e r o in F ig . 35 r e p r e s e n t c o m p r e s s i o n ; 
those above , t e n s i o n . T h e s e c a l c u l a t i o n s ind ica te that , for th i s c a s e of 
m o d e s t t h e r m a l - n e u t r o n flux d e p r e s s i o n ( s ee Table V), the s t r e s s e s a r e 
not d e s t r u c t i v e up to a t i m e (0.75 sec ) p a s t peak power , except at the edge 
of the oxide. T h e r e , the s t r e s s e s a r e p o l a r (produce r a d i a l c r ack ing ) . 
Once c r a c k i n g h a s o c c u r r e d , d i r e c t app l i ca t ion of th is a n a l y s i s to the cy l 
inde r i s not j u s t i f i e d b e c a u s e of the change in g e o m e t r y . However , it m a y 
be noted a r e l a t i v e l y w e l l - d e f i n e d c e n t r a l r eg ion of about 0 . 0 8 - c m r a d i u s 
e x i s t s in wh ich c o m p r e s s i v e s t r e s s e s a r e e x c e s s i v e over 1.75 to 2.75 sec 
dur ing the change f r o m the in i t i a l t e m p e r a t u r e d i s t r i b u t i o n s when the 
c ladding is h e a t i n g up, to the d i s t r i b u t i o n s typ ica l of cooling. These s t r e s s 
c a l c u l a t i o n s should b e i n t e r p r e t e d a s qua l i t a t ive , both b e c a u s e they w e r e 
p e r f o r m e d for s i n t e r e d c e r a m i c b o d i e s , which c h a r a c t e r i s t i c a l l y do not 
have u n i f o r m p r o p e r t i e s e i t h e r f r o m p i ece to p i ece or f rom point to point 
in a g iven p i e c e , and b e c a u s e of the need to e x t r a p o l a t e m a t e r i a l p r o p e r t i e s . 
A f u r t h e r qua l i f i ca t ion is Sco t t ' s r epo r t (45 ) that s i n t e r e d UO2 with an 
o x y g e n - t o - u r a n i u m r a t i o of 2.06 and 2.16, and dens i ty above 95% of t h e o 
r e t i c a l , can show p l a s t i c d e f o r m a t i o n a t t e m p e r a t u r e s as low a s 800°C. 
S t o i c h i o m e t r i c u r a n i u m dioxide w a s found to de fo rm p l a s t i c a l l y a t t e m p e r a 
t u r e s above about 1600°C.(*5) 

Fig. 35 
Calculated Radial, Axial, and Tangential 
Stresses for Two Calculated Temperature 
Distributions from Fig. 34 
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V. SUMMARY 

Fai lure , in general , was comparatively nonviolent for the specimen 
types tested. For the s ta in less-s tee l -c lad elements, failure occurred near 
the cladding melting point, close to the tempera ture at which cladding fail
ure had been predicted with emission of hot internal gas . On the basis of a 
sample model, this was due to internal p ressu re buildup of the gas present 
inside the cladding when the element was fabricated. Although one failure 
was observed for a niobium-clad sample, that failure may not be at all typ
ical since three other similar specimens were run to s imilar or higher tem
perature exposures. In the case of that one failure, the size of the cladding 
hole is about the size of molten drops in the center of the oxide cylinders 
(see Fig. 17), and a chance combination of distribution of the oxide cylinders 
within the cladding may have produced a melt- through. However, the edges 
of the hole were clearly defined, unlike the rounded edges that would be typ
ical of melting. There were no bulges or bent-out edges around the hole, 
which implies that the failure was not due to internal p r e s su re . The failure 
could also have been produced by some kind of brit t le cracking,* but a pos
sible mechanism for this has not been established. The three surviving 
high-temperature niobium-clad samples attained cladding tempera tures 
about 200 to 300°C above that predicted to cause failure by p re s su re of the 
gas originally present inside the cladding. Par t ia l explanations for this 
discrepancy may lie in the use of extrapolated data in the bursting calcula
tions, and the appreciably increased cladding diameters noted in the post-
experiment inspections of the niobium-clad samples.** The high-
temperature failures of tantalum-clad elements, with the subsequent 
emission of molten fuel, appear to be in reasonable agreement with the 
failure prediction of the simple bursting model. 

Onset of the appearance of the "recrystal l ized" central-oxide gran
ular s t ructure occurs for maximum central-fuel t empera tures above the 
order of 2200°C (see Fig. 28). This central region may be associated with 
the h igh-s t ress central region found in the transient s t r e s s calculations 
(see Fig. 35). However, there is no accompanying appearance of radial 
cracks near or at the oxide surface, which also are predicted by the cal
culations. A possible explanation may be the relatively thin zone near the 
oxide surface, in which high polar s t r e s ses are calculated, combined with 
possible plastic deformation.''*-'' 

*The appearance of fission products in the capsule cover gas system 
during the experiment proves that cladding failure occurred before 
the postexperiment handling. 

**This increase in diameter would suggest that the niobium tubes mere ly 
expanded, ra ther than burst , from internal p r e s s u r e . 
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Higher- temperature exposures tended to cause the oxide cylinders 
to break into shorter axial lengths. The cylinders did not exhibit the famil
iar pat tern of radial and circumferential cracks typical of that displayed by 
fuel subjected to steady-state exposure. This, however, can be attributed to 
a difference in oxide thermal s t r e s se s between those arising from compar
atively high-power, s teady-s ta te , rad ia l - tempera ture distributions and those 
transient s t r e s se s arising in these experiments before the attainment of 
steady cooling of the sample. 

"Glassy" central depressions in the ends of the oxide cylinders and/ 
or well-formed drops of oxide appeared for estimated maximum central-fuel 
tempera tures of approximately the uranium oxide melting point (see Fig. 28). 
Oxide cylinders from elements with estimated central-fuel temperatures of 
approximately the oxide melting point were found to have undergone small 
density inc reases . 

It should be noted, however, that these tes ts do suggest that similar 
elements, in the presence of a typical "chopped-cosine" axial-power profile 
might exhibit a mode of failure analogous to a pattern found for sodium-
bonded, metall ic-fuel e lements . In this case, failure might occur, preferen
tially in the region of highest power, and molten or badly cracked mater ia l 
along the axis would be forced axially to the region of failure. 

These t e s t s do not include possible effects produced by the presence 
of l iquid-metal coolant, clustering of elements, or the variety of phenomena 
associated with appreciable pr ior irradiat ion. One sample, which was given 
a limited number of cycles of transient heating to a maximum cladding tem
perature about 300°C below the estimated failure threshold, maintained clad
ding integrity, but was found to have some fuel fragmentation. 
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